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The spermatid nucleus and cytoplasm undergo dramatic morphological modifications during spermatid differentiation into
mature sperm. Some of the external force causing this nuclear shaping is generated by a microtubular structure termed the
manchette, which attaches to the perinuclear ring of the spermatid. Here, we report the isolation and characterization of a
protein component of this perinuclear ring in an immunological screening of a mouse testis cDNA library. We termed this
protein CLIP-50 because of its high similarity at the amino acid level to the C-terminal region of the microtubule-binding
protein CLIP-170/restin. CLIP-50 lacks the characteristic microtubule-binding motif, but retains a portion of the predicted
coiled–coiled domain and the metal-binding motif. The CLIP-50 transcript and protein are abundant in testis. The protein
is also expressed in heart, lung, kidney, and skin. A distinct size variant exists in brain. In the spermatids, CLIP-50 protein
localizes specifically to the centriolar region where the sperm tail originates and to the perinuclear ring from which the
manchette emerges. CLIP-50 staining is retained in the ring throughout its migration over the surface of the nucleus which
accompanies the nuclear shaping into its characteristic sperm configuration. This localization pattern indicates a very
specific function for this novel CLIP derivative during mouse spermiogenesis. © 2001 Academic Press
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1INTRODUCTION
In rodent testis, the progression through meiosis and
further on to the stage of mature sperm (spermatogenesis) is
accompanied by dramatic changes in cell morphology and
size. Spermiogenesis is defined as the process of differentia-
tion of the round spermatid into a mature spermatozoon,
which is then released from the seminiferous tubules. The
spermatids proceed through stages readily identifiable by
the general cell configuration, from the round spermatid, to
an elongated form, and finally to the condensed spermatid
from which the spermatozoon differentiates (reviewed by
Meistrich, 1993). A crucial role in determining these cell
shapes is played by the internal cytoskeleton.
One of the most remarkable morphogenic processes that
occurs during spermatid differentiation is the nuclear shap-
ing, which is characteristic for each species. During rodent
spermiogenesis, the nucleus changes from a sphere to a
1 To whom correspondence should be addressed. Fax: (44) 171-
269-3811. E-mail: m.tarsounas@icrf.icnet.uk.
2 Present address: Imperial Cancer Research Fund, Clare Hall
saboratories, South Mimms, Herts, EN6 3LD, England.
400ondensed asymmetric form, which exhibits a hook and a
urvature when viewed form the side. Cytoskeleton struc-
ures, such as the perinuclear theca and the manchette
Lalli and Clermont, 1981), are thought to create and
aintain the external tension required for the transition
rom one nuclear shape to another (Meistrich, 1993). The
erinuclear theca is a dense cytoskeletal element that
urrounds the nucleus and is composed of two distinct
roups of proteins: the multiple band polypeptides (Longo et
l., 1987; Longo and Cook, 1991) and the thecins (Bellve et
l., 1990). The manchette is a microtubular structure at-
ached to a perinuclear insertion ring (Cole et al., 1988) that
urrounds the proximal tip of the nucleus and gradually
igrates towards its caudal end. During its migration over
he surface of the nucleus, the manchette creates at least
art of the force required for achieving the correct nuclear
onfiguration. This was initially suggested by studies in
zh2/2 mice, where the absence of the manchette dis-
upted the normal nuclear morphology (Meistrich et al.,
990; Russell et al., 1991).
The tubulins of the manchette microtubules are testis-pecific or testis-enriched variants (Hecht et al., 1988;
0012-1606/01 $35.00
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401CLIP-50 in Mouse SpermiogenesisLewis and Cowan, 1988). Microtubule-dependent motor
proteins, such as dynein and kinesin, are also found in the
manchette (Hall et al., 1992), as well as microtubule-
associated proteins, such as MAP4 (Parysek et al., 1984) and
tau (Ashman et al., 1992). The biochemical composition of
the perinuclear ring has not been elucidated. A recently
described method for the isolation of rat spermatid
manchette and ring has allowed visualization of a 62-kDa
ring protein of unknown nature (Mochida et al., 1998).
In this study, we report the identification of a protein
omponent of the nuclear ring which shows identity to the
ytoplasmic linker protein (CLIP)3 170. This protein, which
we termed CLIP-50, is identical to the C-terminal region of
the CLIP-170/restin protein. We characterized its distribu-
tion through spermatid differentiation, and found it to
localize to the perinuclear ring and the microtubular
manchette emerging from it, as well as to the centriolar
region. Using immunological screening of cDNA expres-
sion libraries, the cDNA encoding this protein was cloned,
and the distribution of the corresponding mRNA and pro-
tein was determined. We conclude that CLIP-50 is a mem-
ber of the CLIP-170/restin family of microtubule-binding
proteins with a specialized function during spermiogenesis.
MATERIALS AND METHODS
Antibodies
The serum of rabbit Snow II contained antibodies that recog-
nized a protein component of the spermatid perinuclear ring and
centriolar material. A screen of a testis cDNA expression library
with Snow II serum yielded approximately 30 immunoreactive
clones with an insert highly similar to the CLIP-170 cDNA (Pierre
et al., 1992; Fig. 1). The anti-CLIP-50 antibodies were affinity-
purified from whole Snow II serum by using three of the immuno-
reactive phage colonies immobilized to nitrocellulose filters, as
described by Sambrook et al. (1989).The cDNA inserts of these
clones were identical as determined by DNA sequencing. As
expected, the affinity-purified antibodies also had identical speci-
ficity as determined by Western blotting and immunofluorescence
staining. In Western blots of whole-cell extracts, the affinity-
purified antibodies recognized a 50-kDA protein (see Fig. 4). They
also showed immunoreactivity to the recombinant CLIP-50 protein
expressed in E. coli (data not shown). Mouse monoclonal anti-b-
tubulin antibody (Cedarlane Laboratories) was provided by Dr. I. B.
Heath (York University). The anti-centromere serum was obtained
from a CREST patient (Dobson et al., 1994). Nuclei were visualized
with 49,6-diamidino-2-phenylindole dihydrochloride (DAPI). Sec-
ondary antibodies were goat anti-rabbit or goat anti-mouse conju-
gated with fluorescein isothiocyanate (FITC) or rhodamine (Cedar-
lane Laboratories).
3 Abbreviations: ADB, antibody dilution buffer; bp, base pair;
CLIP, cytoplasmic linker protein; DAPI, 49,6-diamidino-2-G
s
phenylindole dihydrochloride; MEM, minimal essential medium;
MBP, microtubule-binding protein; nt, nucleotide.
Copyright © 2001 by Academic Press. All rightcDNA Library Screening and Sequence Analysis
A l Zap II adult mouse whole testis cDNA expression library
1 3 106 independent plaques; titer, 5 3 107 pfu/ml) prepared by Dr.
C. Hoog (Karolinska Institute, Stockholm, Sweden; Hoog, 1992)
was screened for phage clones immunoreactive with Snow II
serum. The cDNA library was screened on nitrocellulose filters
according to standard procedures (Sambrook et al., 1989). Three
rounds of screening rendered pure phage stocks which were used to
excise the plasmid vector pBluescript SK(2) containing the cDNAs
of interest. These cDNA inserts were sequenced with pBluescript
(SK, M13–20, and T7PROMOTER) or insert-specific primers (UP-
STREAM, CLIP59, CLIPINT1, CLIPINT2, CLIPF, and CLIPR) to
obtain the complete DNA sequence for both strands. Primer DNA
sequences are shown in Table 1, and their position in the CLIP-50
cDNA is indicated in Fig. 1A.
Immunofluorescence and Electron Micrsocopy
Surface-spread mouse testicular cells were prepared according to
Counce and Meyer (1973) and Dresser and Moses (1979). Briefly,
fat-free testicular tubules were collected and washed in Minimal
Essential Medium (MEM; GIBCO-BRL), pH 8.0. Five-microliter
drops of cell suspension were spread from 0.5% NaCl solution and
the nuclei collected on a glass multiwell slide touched to the
surface of the solution. Slides were fixed for 3 min in 2% parafor-
maldehyde, pH 8.2, with 0.03% SDS. A second fixation was done
without SDS. Slides were then washed three times, 1 min each in
0.4% Kodak Photo-Flo, pH 8.0, in water, and blocked in PBS (137
mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 2 mM NaH2PO4z2H2O, pH
7.3) with 10% antibody dilution buffer (ADB: 10% v/v goat serum,
3% BSA w/v, 0.05% v/v Triton X-100 in PBS) three times, 10 min
each. The second wash also contained 0.05% Triton X-100.
Slides were incubated in primary antibodies diluted in ADB with
10% w/v azide overnight at room temperature, washed for 3–5 min
in PBS with 0.2% Photo-Flo, and incubated with the corresponding
secondary antibody diluted 1:1,000 for 2 h at room temperature.
Slides were washed as above, rinsed twice in distilled water with
0.2% Photo-Flo, air-dried, and mounted in ProLong Antifade (Mo-
lecular Probes, Eugene, OR) containing 5 mg/ml DAPI. The mate-
rial was observed with a Polyvar epifluorescence microscope (200
W mercury vapor light source).
Mouse testicular cell suspension was prepared for electron
microscopy visualization as described by Moens and Hugenhotz
(1975). Briefly, intact mouse testes were infused with 5% glutaral-
dehyde for 45 min. The seminiferous tubules were mechanically
isolated, postfixed in 4% OsO4, embedded in plastic, and sectioned
t 0.4-mm thickness. The sections were stained with uranyl acetate
nd lead citrate before recording on 35-mm film.
Fractionation of Testicular Cells
Decapsulated rat testes were incubated for 55 min at 31°C in
MEM with 2 mg/ml collagenase. Tubules were then washed four
times in MEM and incubated in MEM containing 0.35 mg/ml
trypsin for 15 min at 31°C. After low-speed centrifugation, the
pellet was resuspended in MEM with 0.1% BSA, trypsin inhibitor,
and 1 mg/ml DNaseI. Cells were drawn up and down 10 times
hrough the large end of a 10-ml plastic pipette and filtered using a
0-mesh nylon screen. Centrifugal elutriation was performed in a
eckman JE-6 elutriator following the procedure described by
rabske et al. (1975) and Meistrich (1977). A detailed description ofpermatocyte fractions collected with this method is found in
s of reproduction in any form reserved.
d
T
l
C
T
t
402 Tarsounas, Pearlman, and MoensTarsounas et al. (1999a, b). In addition, spermatids (both round and
elongated) and sperm cells were collected in fractions #2 and #3.
The cells in each fraction were resuspended in 23 SDS sample
buffer (Laemmli, 1970; 10% SDS, 0.25 M Tris–HCl, pH 6.8, 20%
glycerol, 0.015% bromophenol blue, 1 mM EDTA, 10% v/v
b-mercaptoethanol, supplemented with 4 M urea) and sonicated.
Protein extracts corresponding to equal numbers of cells were
separated by SDS–polyacrylamide gel electrophoresis.
Western Blotting
FIG. 1. (A) Diagrammatic representation of the structure of CLIP-
ibrary. Positions of the primers used in PCR amplifications (small
LIP-50 and CLIP-170 proteins, CLIP-50 shows identity to the 346
he characteristic microtubule-binding domain (MTB), heptad rep
he position of the various insertions in the CLIP-170 sequence.A 0.5-g portion of each tissue was homogenized and sonicated in
23 SDS sample buffer. Equal volumes of these extracts were boiled
c
t
Copyright © 2001 by Academic Press. All rightfor 5 min and electrophoresed through 10% SDS–polyacrylamide
gels. The CLIP-50 protein was detected by using affinity-purified
antibodies (see above) at a dilution of 1:200 and the enhanced
chemiluminescence procedure (Amersham).
Northern Blotting
A multiple-tissue Northern blot (Origene Technologies) was
probed with two CLIP-50 cDNA probes generated by PCR as
escribed below and with a human b-actin cDNA probe (Origene
echnologies), according to manufacturer’s protocols. The cDNA
NA and of the overlapping clones isolated from the mouse cDNA
s) and of the Northern blot probes are indicated. (B) Alignment of
oxy-terminal amino acids of CLIP-170, starting at position 1,046.
and metal-binding motifs are also indicated. Arrowheads point to50 cD
arrow
carb
eats,lone #3 in pBluescript was used as a template in PCR amplifica-
ions with the SK/UPSTREAM and CLIP59/T7PROMOTER pairs of
s of reproduction in any form reserved.
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403CLIP-50 in Mouse Spermiogenesisprimers to produce the UPSTREAM and CLIP59D probes, respec-
tively (Fig. 1A). PCRs were performed with the Pfu polymerase
(Stratagene) according to the manufacturer’s instructions.
RESULTS
cDNA Cloning and Sequence Analysis of CLIP-50
We cloned the cDNA encoding mouse CLIP-50 (Acces-
sion No. AF185286) by screening a l Zap II cDNA expres-
sion library from adult mouse testis with rabbit Snow II
serum. Six immunoreactive cDNA clones with overlapping
DNA sequences were isolated in the initial screening. Four
of them (#1, 4, 5, and 6; Fig. 1) are 1,154 bp in length,
composed of 203 bp of 39 noncoding sequence, preceded by
951 bp which are 89% identical to the cDNA encoding
human CLIP-170/restin. Restin is identical to CLIP-170,
except for a 35-amino-acid insertion at the position shown
in Fig. 1B. Due to the high degree of identity of the protein
encoded by this cDNA to the CLIP-170 protein, and also
due to the size of the protein, we termed it CLIP-50. Clone
#3 is identical to #1, 4, 5, and 6, and includes a 311-bp 59
extension. Clone #2 is identical to #3, with an additional
20-bp 59 extension. The 331-bp extension contains 123 bp of
CLIP170/restin homology and 208 bp with no matches in
the data bases. The putative initiating methionine (Fig. 1A)
is the first in-frame methionine in the open reading frame of
the CLIP-50 cDNA and is located 24 bp downstream from
the start of the CLIP-170/restin nucleotide homology re-
gion. All six clones have a poly(A) tail and a putative
polyadenylation signal. The size of the longest isolated
cDNA is 1,485 bp excluding the poly(A) tail, approximately
the size of the most abundant transcript detected in testis
(Fig. 2). We extended the 59 sequence of the longest isolated
CLIP-50 cDNA by nested PCR. Initial PCRs were per-
formed with SK (59 of the cloning site in the pBluescript
vector sequence) and CLIPINT1 primers. For the nested
PCR, the SK and UPSTREAM primers were used. Both
initial and nested PCR products were sequenced and a 60-bp
59 extension was found, which increased the estimated size
TABLE 1
Sequences of the Primers Used in PCR Amplifications of CLIP-
50 cDNAs and DNA Sequence Analysis
Primer designation DNA sequence
PSTREAM (XhoI) 59-GCC TCG AGC ACA AGG AGA CAC G-39
LIP59 (BamHI) 59-CAC GGA TCC CAC TTA AGG AAA AC-39
LIPINT1 59-CTA CAC TCA GCA GTT C-39
LIPINT2 59-GAG TGC AGC TTC AGA C-39
LIPF (BamHI) 59-CGG GAT CCC GCG GAG CTG G-39
LIPR (XhoI) 59-GCC TCG AGG ACT CTC CTG GGC-39
13-20 59-GTA AAA CGA CGG CCA GT-39
K PRIMER 59-CGC TCT AGA ACT AGT GGA TC-39
7PROMOTER 59-TAA TAC GAC TCA CTA TA-39of the CLIP-50 cDNA to 1,550 bp. C
Copyright © 2001 by Academic Press. All rightFASTA algorithm analysis of the amino acid similarity
etween human CLIP-170/restin and mouse CLIP-50 re-
ealed 95% identity in a 350-amino-acid region encompass-
ng the C terminus of the CLIP-170/restin protein. This
egion includes a section of the coiled–coil domain and the
otential metal-binding motif located at the C terminus
Fig. 1B). Interestingly, CLIP-50 features a 2-amino-acid
nsertion (arrow) near the end of the predicted coiled–coil
omain (Pierre et al., 1992).
Northern blot analysis of testis poly(A)1 mRNA was
arried out by using two probes, one mapping to the region
f homology to the CLIP-170/restin (CLIP59D; Fig. 1A) and
he other containing 190 bp of the 59 untranslated region
Upstream; Fig. 1A). Both probes anneal to an abundant
pproximate 1,500-nt transcript and to a 6,000-nt transcript
resent in lower amounts in testis (Fig. 2). This demon-
trates that the two sections identified in the CLIP-50
DNA are found together in the same mRNA.
Tissue Distribution of the Mouse CLIP-50
The tissue distribution and size of the CLIP-50 mRNA
were determined by Northern blot analysis of mouse
poly(A)1 mRNA isolated from various tissues probed with
CLIP59D (Fig. 2). This probe includes the region of identity
to the cDNA for CLIP-170/restin, and, therefore, it is
expected to recognize these cDNAs as well. A major
1,500-nt transcript is detected in the testis. A transcript of
the same size is present in the heart at a relatively lower
level. Most of the tissues we tested also show a large
transcript (approximately 6,000 nt) which likely corre-
sponds to the full-length CLIP-170/restin. Slightly smaller
transcripts (4,500 nt) are present in some of the tissues
tested, such as kidney, which may correspond to CLIP-170/
restin variants. Brain is unique in that an intermediate size
transcript (2,500 nt) is observed.
We analyzed the same tissues by Western blotting to
detect the presence of CLIP-50 (Fig. 3). The antibody used
was the anti-CLIP-50 affinity-purified from the Snow II
serum on phage plaques. This antibody recognizes on West-
ern blots the Escherichia coli-expressed, recombinant
(His)6-tagged CLIP-50 protein purified on Ni-NTA agarose
data not shown). Its specificity on whole-cell extracts is
llustrated in Fig. 4, where the original Snow II serum
etects five major polypeptides, while the affinity-purified
ntibody is specific for only one. The estimated mass for
his protein is 56 kDa, higher than the 41 kDa estimated
rom the amino acid composition. Posttranslational modi-
cations may account for the slower migrating form.
In addition to the testis, CLIP-50 was also detected in
xtracts prepared from heart, kidney, lung, and skin (Fig. 3),
here the corresponding mRNA is rare or not detectable.
he presence of the protein, but not of the message, in these
issues may indicate a low turnover of the CLIP-50 protein
nd/or existence of transcription-regulatory mechanisms.
LIP-170/restin was detected by our antibody in skin only.
s of reproduction in any form reserved.
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404 Tarsounas, Pearlman, and MoensA 70-kDa CLIP variant is present in the brain, as predicted
by the size of its corresponding mRNA.
Localization of CLIP-50 during Mouse
Spermatogenesis and Spermiogenesis
The high level of transcription of CLIP-50 in the testis
suggested a possible specialized function of this protein
during spermatogenesis or spermiogenesis. To address this
possibility, we analysed CLIP-50 by Western blotting in
testicular cell fractions enriched in cells at certain meiotic
stages (Fig. 4). Fractionation of testicular cells by size was
performed by centrifugal elutriation (Grabske et al., 1975;
FIG. 2. Analysis of CLIP-50 mRNA distribution in various tissues
and UPSTREAM probes (Fig. 1A) generated by PCR amplification of
t) and CLIP-170 (6,000 nt) transcripts recognized by the two CLIP-5
ith an arrowhead. A b-actin cDNA probe provided by the supliereistrich, 1977). A sample of each fraction was fixed in 2%
Copyright © 2001 by Academic Press. All rightaraformaldehyde to determine the composition in cells at
arious meiosis I stages, using DAPI and immunofluores-
ence staining with stage-specific prophase I antibody
arkers (Dobson et al., 1994; Tarsounas et al., 1999a).
Fraction #1 contained mostly cell and tissue debris and was
discarded. Fraction #2 was enriched in spermatids and
sperm cells, while fraction #3 contained spermatids and
spermatogonia. Prophase I spermatocytes were present in
fractions #4–8 in increasing amounts from 90% leptotene/
zygotene cells in fraction #4 to 90% diplotene cells in
fraction #8 (data not shown; Tarsounas et al., 1999a,b). The
anti-CLIP-50 antibody recognized a protein of approxi-
mately 56 kDa in all fractions, which demonstrates the
orthern blotting. A poly(A)1 mRNA blot was probed with CLIP59D
LIP-50 cDNA. Arrows indicate the positions of the CLIP-50 (1,500
ecific probes. The 2,500-nt transcript present in the brain is marked
he Northern blot was used as a loading control.by N
the C
0 sppresence of this protein in both meiotic and postmeiotic
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405CLIP-50 in Mouse Spermiogenesiscells. Fraction #4, enriched in early prophase I cells, con-
tained a relatively lower amount of CLIP-50 protein.
To gain insight into CLIP-50 function in the testis, we
characterized its distribution by immunofluorescence
staining of surface-spread testicular cells using the affinity-
purified anti-CLIP-50 antibody. In postmeiotic cells with
characteristic round spermatid morphology, the emerging
tail is stained in red by an anti-b-tubulin antibody and some
of CLIP-50 (green) is present in the centrioles. Also at this
stage, the CLIP-50 protein accumulates in random patches
around the nucleus (Fig. 5A, cell 2, green), which occasion-
ally coincide with the tubulin staining observed (red).
As spermiogenesis progresses, CLIP-50 localizes to a
characteristic ring structure surrounding the nucleus, ini-
tially close to its proximal end where the acrosome is
located. In Fig. 5A, cell 3, this ring is specifically stained by
FIG. 3. Analysis of CLIP-50 distribution in various tissue extracts
by Western blotting, using affinity-purified antibody specific for
CLIP-50. A 56-kDa polypeptide identified as CLIP-50 is present in
all tissues except for the brain. Full-length CLIP-170 protein is only
detected in skin. The brain extract contains a CLIP variant with a
mass of 70 kDa.the anti-CLIP-50 antibody (green). The red tubulin fila-
Copyright © 2001 by Academic Press. All rightents identify the spermatid manchette, a structure well
haracterized at the electron microscopy level (Meistrich,
993) and partially with respect to its protein composition
Mochida et al., 1998). The manchette is initially connected
o the nuclear ring, as illustrated in Fig. 5B. In a frontal view
f a spermatid, the ring structure stained green with the
nti-CLIP-50 antibody colocalizing with some of the tubu-
in in red. The presence of tubulin in the nuclear ring at the
arly stages of manchette assembly supports the idea that
he perinuclear ring may act as an organizing center for the
icrotubular manchette (Brinkley, 1985).
FIG. 4. Distribution of CLIP-50 in successive testicular cell
fractions isolated by centrifugal elutriation. Serum from rabbit
Snow II recognizes five polypeptides in fraction #2. The affinity-
purified antibody that detects the spermatid perinuclear ring rec-
ognizes a single polypeptide of 56 kDa in spermatogenic cells.
Fractions #2 and #3 are enriched in postmeiotic round and elon-
gated spermatids. Fractions #4 to #8 contain cells in successive
stages of meiotic prophase I. CLIP-50 is present at similar levels in
all fractions except for the early prophase I (leptotene/zygotene)
fraction #4, which has a minimal amount of CLIP-50.
s of reproduction in any form reserved.
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406 Tarsounas, Pearlman, and MoensDuring spermatid maturation, the nuclear ring migrates
from the proximal towards the caudal end of the nucleus.
Synchronous to this migration, the nucleus emerges from
the ring in the characteristic sperm-head shape. This is
illustrated in Figs. 6A and 6B, where the ring surrounds the
submedian region of the nucleus, while in Fig. 6C it lies in
the caudal half of the nucleus. In Fig. 6C, the ring is
positioned even closer to the caudal end, and, in Fig. 6D, it
is found in the caudal nuclear pole. Interestingly, as the ring
descends towards the caudal end of the nucleus, the tubulin
filaments in the manchette (red) seem to be positioned
away from it. Only the attachment sites of the manchette
FIG. 5. Immunostaining of testicular cells with anti-CLIP-50 (gr
blue). (A) In early round spermatids, CLIP-50 accumulates in the ce
oincides with the sites of tubulin assembly (cell 2). The emerging
), the CLIP-50 staining is concentrated in the perinuclear ring fro
cell at the same stage as cell 3 (A), the connections between the
he overlapping CLIP-50 and tubulin staining of the perinuclear rion the dorsal and ventral sides of the nucleus are main- o
Copyright © 2001 by Academic Press. All rightained (Figs. 6A and 6B). Separation of the manchette from
he ring is most likely due to the spreading procedure used
n the immunofluorescence preparations or to the fact that
he region proximal to the ring is enriched in a tubulin
soform other than b. The cells shown in Figs. 6F and 6G
ave been fixed and permeabilized without previous spread-
ng, and they clearly illustrate that the manchette is invari-
bly associated with the ring both in round and elongated
permatids. Some CLIP-50 staining is present among the
anchette microtubules (Fig. 6B), probably indicating the
bility of CLIP-50 to bind polymerized microtubules. In the
ature sperm, the CLIP-50 staining defines the basal bodies
and anti-b-tubulin (red) antibodies. Nuclei are stained with DAPI
lar region and as a scanty cover of the nuclear surface (cell 1), which
is also stained by the anti-b-tubulin antibody. At later stages (cell
hich the microtubular manchette emerges. (B) In a frontal view of
longating ends of the microtubules and the ring are obvious from
cale bar represents 5 mm.een)
ntrio
tail
m wf the sperm head (Fig. 6E).
s of reproduction in any form reserved.
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CLIP-50: A Novel CLIP-170/Restin Variant
Abundant in Testis
In an immunological screen of a testis cDNA library, we
FIG. 6. Progression of spermiogenesis monitored with the anti-C
the perinuclear ring towards the caudal end of the nucleus (blu
manchette (red) seems to be attached to the ring only at sites posit
approaches the caudal end of the nucleus (C and D). In the mature
sperm head, possibly in association with centriolar remnants. The a
at the electron microscopy level (F and G). The microtubular ma
elongated spermatids.have isolated a cDNA encoding a mouse protein which l
Copyright © 2001 by Academic Press. All rightxhibits 95% amino acid identity to the C-terminal region
f the CLIP-170/restin human proteins. CLIP-170 is a
icrotubule-binding protein (Pierre et al., 1992) localizing
o the plus ends of a subset of growing microtubules
Rickard and Kreis, 1990; Perez et al., 1999; Diamantopou-
0 antibody and an anti-b-tubulin antibody (red). The migration of
accompanied by the characteristic shaping of the nucleus. The
on the ventral and dorsal sides of the nucleus (A and B). The ring
m (E), CLIP-50 is detected in the region of the basal bodies of the
mal ring and the manchette ring are two structures distinguishable
tte clearly emerges from the manchette ring in both round andLIP-5
e) is
ioned
speros et al., 1999) and is postulated to mediate the capture of
s of reproduction in any form reserved.
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408 Tarsounas, Pearlman, and Moensvarious organells by the microtubules, allowing their trans-
location by microtubule-associated motor molecules (Pierre
et al., 1992).
CLIP-170 has been shown to mediate binding of endo-
cytic vesicles to microtubules in vivo (Pierre et al., 1992)
nd of the kinetochores to the metaphase spindle microtu-
ules (Dujardin et al., 1998). The N terminus contains the
icrotubule-binding motif, and the elongated central re-
ion exhibits heptad repeats that confer the potential of
imerization through coiled–coil formation (Pierre et al.,
992; Scheel et al., 1999). The C terminus has been impli-
ated in organelle/kinetochore binding (Pierre et al., 1994;
ujardin et al., 1998) and anchoring to the cell periphery
Pierre et al., 1994), probably through the conserved metal-
inding motif located near the end of the molecule (Berlin
t al., 1990). The CLIP-50 protein aligns with 95% identity
o a part of the CLIP-170/restin protein, and maintains a
ortion of the region with coiled–coil forming potential and
he predicted metal-binding motif at the carboxy end.
A 2-amino-acid insertion is present at position 243 in the
mino acid sequence of CLIP-50 near the end of the heptad
epeat, and outside the coiled–coil motif. Other insertions
ositioned at amino acid 450 of restin (Fig. 1B) have been
reviously reported: a 35-amino-acid insertion which ex-
ends the predicted coiled–coil motif (Bilbe et al., 1992), as
ell as an 11-amino-acid and a tandem 35 1 11-amino-acid
nsertion that interrupt the a-helix motif (Griparic and
eller, 1998). These CLIP-170/restin isoforms, reported in
oth human and chicken (Griparic et al., 1998), are encoded
y the same gene and resulted from differential splicing
vents. While human restin has been shown to be expressed
t high levels in anaplastic large cell lymphoma (Delabie et
l., 1992) and in Reed–Sternberg cells, which are diagnostic
or Hodgkin’s disease (Bilbe et al., 1992), chicken restin is
xpressed in several tissues at different levels (Griparic et
l., 1998), and the last two isoforms are preferentially
xpressed in chicken muscle (Griparic and Keller, 1998).
ased on these observations, the heptad repeat region has
een proposed to act as a spacer between the microtubule-
inding head and the organelle-binding tail of the elongated
LIP-170/restin molecule. Spacer-size variability created
y the insertions described above may represent a tissue-
pecific regulatory mechanism which enables the CLIP-
70/restin protein to connect the microtubule ends with
rganelles of various sizes.
The levels of CLIP-50 and CLIP-170 transcripts in the
tissues analyzed by Northern blot do not necessarily match
the levels of the corresponding proteins detected with an
affinity-purified antibody in extracts prepared from the
same tissues. For example, the 56-kDa protein is detected
by Western blotting in heart, kidney, lung, testis, and skin
(Fig. 3), while its transcript is only detectable in testis, and
at a lower level in heart (Fig. 2). These differences may be
the result of tissue-specific transcription/translation regu-
lation of the corresponding gene with functional conse-
quences. Spermatid CLIP-50 may require large levels of
transcription in accordance with its specialized role in n
Copyright © 2001 by Academic Press. All righttestis, a tissue with large numbers of differentiating cells.
Consistency between translation and transcription was
observed in brain, for the 2,500-nt transcript and the 70-kDa
protein.
Functional Significance of CLIP-50 Localization to
the Spermatid Perinuclear Ring during
Spermiogenesis
The presence of CLIP-50 in spermatocyte- and spermatid-
enriched testicular fractions suggested a function both
during meiosis and in the postmeiotic process of spermio-
genesis. To elucidate this function, we determined the
immunolocalization of this protein in testis cells at various
stages of differentiation. Although the affinity-purified anti-
CLIP-50 antibody can detect CLIP-170 in skin tissue (Fig. 3),
it does not recognize CLIP-170 in a Western blot of testicu-
lar cells (Figs. 3 and 4). In spermatocytes, the protein
detected by our antibody is present in the cytoplasm as foci
(data not shown). It could not be determined whether these
foci are associated with the peripheral ends of the microtu-
bules, since tubulin staining of spermatocytes presents a
dense cytoplasmic network in which individual microtu-
bules are indistinguishable (Tarsounas et al., 1999a).
In the round spermatids, CLIP-50 is positioned in the
centrioles and in the perinuclear ring (Fig. 5). While the
early steps of acrosome formation take place at one pole of
the spermatid, the centrioles migrate to the opposite pole,
where a flagellum emerges from one to initiate tail forma-
tion. These centriolar regions contain CLIP-50.
The perinuclear ring is a transient structure characteris-
tic for spermiogenesis that begins to assemble at the same
time as the acrosome. Its appearance also coincides with
formation of the manchette, a structure with a postulated
role in the dramatic changes in nuclear morphology ob-
served during spermiogenesis. The manchette is connected
with the ring during most of this nuclear shaping process
(Meistrich, 1993) and it has been proposed that it may act as
a nucleation structure for manchette microtubules (Brink-
ley, 1985). Our immunofluorescence data support this in-
terpretation. At early spermatid differentiation, tubulin
assembly occurs at random patches on the nucleus that
coincide at least partially with CLIP-50 staining (Fig. 5A,
cell 2), indicating a possible direct interaction of CLIP-50
with tubulin. When the ring becomes better defined, tubu-
lin staining appears to emerge from it (Fig. 5A, cell 3; and
Fig. 5B). Consistent with the cytologically detected tubulin
staining of the ring, fractionated rings isolated by thermo-
cleavage also contain a- and b-tubulins (Mochida et al.,
998).
The CLIP-50-containing centriolar region and perinuclear
ing serve as initiation sites for the assembly of microtubu-
ar structures, the sperm tail and the manchette. The
resence of CLIP-50 in both these structures with similar
unctions indicates that this protein may assist in the
ucleation of microtubular structures. A similar
ucleation-enhancer effect for GTP-tubulin has been found
s of reproduction in any form reserved.
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409CLIP-50 in Mouse Spermiogenesisfor CLIP-170 (Diamantopoulos et al., 1999). Although
CLIP-50 lacks the MTB domains of the CLIP-170 N termi-
nus, the protein may still interact with nonpolymerized
tubulin (Diamantopoulos et al., 1999). Alternatively,
CLIP-50 may recognize specialized conformations of the
tubulin oligomers produced by tissue-specific posttransla-
tional modifications as described by Mochida et al. (1998).
CLIP-170 is unique among the microtubule-binding pro-
eins in that it localizes to the plus ends of the microtubules
Rickard and Kreis, 1990). Consistent with these results,
ome CLIP-50 staining is observed during spermiogenesis in
he manchette bundle (Figs. 5A, 5B, and 6A–6D), where
LIP-50 is most likely associated with the growing ends of
icrotubules. However, staining of the centriolar region
nd perinuclear ring suggest that CLIP-50 may form stable
tructures, possibly in conjunction with other proteins, at
he nonelongating ends of the microtubules as well. The
ontinuous presence of CLIP-50 in the perinuclear ring
uring spermiogenesis indicates a role in nuclear shaping,
ossibly in the nucleation of microtubular structures which
rovide the physical force required for the changes in
ucleus morphology. Immunodetection of CLIP-50 in the
perm basal bodies (Fig. 6E) cannot be explained by its
resence in centrioles, since these structures degenerate
uring spermiogenesis (Manandhar et al., 1998). Centriolar
emnants exist in some of the mature sperm (Schatten et
l., 1985; Palacios et al., 1993), and they may account for
he staining observed in these cells.
Finally, we addressed the formal possibility that the
LIP-50-containing structure may actually represent the
crosomal ring rather than the manchette ring itself. This
nterpretation could be consistent with the weak acrosomal
ignal occasionally generated by the anti-CLIP-50 antibody
Fig. 6A). Arguing against this possibility is the electron
icroscopy observation (Figs. 6F and 6G) on the position of
he two rings around the spermatid nucleus: the acrosomal
ing is in a more proximal location (Fig. 6F) and does not
how any obvious migration toward the caudal end as the
ucleus acquires its elongated shape (Fig. 6G). The micro-
ubular manchette is clearly visible here (Figs. 6F and 6G) as
merging form the lower ring which identifies the CLIP-50-
ontaining ring in Figs. 5B and 6A. This reinforces the idea
hat CLIP-50 is present at the minus ends of the manchette
icrotubules, both at early and late stages of spermiogen-
sis.
Here, we report a novel variant of the CLIP-170/restin
rotein with a very specialized function in the dramatic
orphological changes of the spermatid nucleus during
odent spermiogenesis. This function seems not to follow
he general pattern described for CLIP-170, in that it binds
o the nonelongating ends of the microtubules, possibly
erving as nucleation sites for the microtubular structures
f the sperm tail and manchette. The structural variability
f CLIP proteins described above may modulate their
icrotubule- or organelle-binding properties, enablinghem to perform tissue- or cell-specific functions.
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